Efflux and uptake transporters of drugs are key regulators of the pharmacokinetics of many antiretroviral drugs. A growing body of literature has revealed the expression and functionality of multiple transporters in female genital tract (FGT), colorectal tissue, and immune cells. Drug transporters could play a significant role in the efficacy of preventative strategies for HIV-1 acquisition. Pre-exposure prophylaxis (PrEP) is a promising strategy, which utilizes topically (vaginally or rectally), orally or other systemically administered antiretroviral drugs to prevent the sexual transmission of HIV to receptive partners. The drug concentration in the receptive mucosal tissues and target immune cells for HIV is critical for PrEP effectiveness. Hence, there is an emerging interest in utilizing transporter information to explain tissue disposition patterns of PrEP drugs, to interpret inter-individual variability in PrEP drug pharmacokinetics and effectiveness, and to improve tissue drug exposure through modulation of the cervicovaginal, colorectal, or immune cell transporters. In this review, the existing literature on transporter expression, functionality and regulation in the transmission-related tissues and cells is summarized. In addition, the relevance of transporter function for drug delivery and strategies that could exploit transporters for increased drug concentration at target locales is discussed. The overall goal is to facilitate an understanding of drug transporters for PrEP optimization.
Introduction
The efficacy of drug delivery to the target tissue and cell depends on several anatomical and physiological barriers such as mucous and cell membranes, protein binding, metabolizing enzymes, and drug transporters. Drug transporters are critical determinants of drug pharmacokinetics (PK), pharmacodynamics (PD), drug-drug interactions and safety. Significant progress has been made in understanding the uptake and efflux mechanisms of transporters, structural requirements of substrates, and exploiting drug transporters by inhibition and targeting to increase drug efficacy and reduce side effects. Kruijtzer et al. found that the co-administration of the breast cancer resistant protein (BCRP) and Pglycoprotein (P-gp) inhibitor, GF120918, resulted in a significant increase in the systemic exposure of oral topotecan. The apparent oral bioavailability increased from 40.0% without to 97 .1% with GF120918 [1] . Studies have shown to use P-gp inhibitors to improve oral bioavailability and brain penetration of P-gp substrate drugs [2, 3] . Although preclinical studies proved efficacy of transporter inhibitors [3] , limited clinical success has been achieved mostly due to their non-specific inhibition leading to increased side effects. Newer strategies such as targeted nanoparticles are being developed to restrict transporter inhibition to the target of interest. It is well established that transporters are involved in antiretroviral (ARV) drug absorption and tissue exposure [4, 5] . However, transporters relevant to sexualtransmission related tissues and cells, namely, female genital tract (FGT), colorectum, and immune cells are less studied. Because these tissues and cells HIV-1 through sexual transmission, the transporters expressed in these targets could be highly relevant for prevention of HIV-1 acquisition through prophylactic strategies.
HIV pandemic continues to be a worldwide public health problem [6] . There has been a steady increase in the number of people living with HIV worldwide [6] . In 2012 alone, 1.6 million people died of acquired immunodeficiency syndrome (AIDS) globally, and the number of people living with HIV was estimated to be 35.3 million in 2012 [6] . Although current therapies can suppress the AIDS symptoms, they are not able to eradicate the virus in HIV-positive patients [7] . As a result, more than 2 million people are newly infected every year. Therefore efforts must be made to prevent the acquisition of HIV in healthy populations.
Sexual transmission is the cause of a vast majority of new HIV infections in sub-Saharan Africa, where 70% of global new infections occur. HIV sexual transmission can occur via vaginal as well as anal intercourse. Although approaches such as use of condoms, male circumcision, and reduction in the number of sex partners have been effective in reducing the acquisition rate of sexually transmitted HIV [6, 8, 9] , effective implementation of these approaches is challenging. Currently, pre-exposure prophylaxis (PrEP) has been considered a self-controlled, promising strategy in the prevention of HIV sexual transmission. PrEP includes the use of ARVs such as entry inhibitors (EIs), nucleoside/nucleotide reverse 2. Critical barriers to achieving sufficient tissue drug concentration in preexposure prophylaxis (PrEP)
Barriers to achieving high ARVs concentrations in sexual-transmitted tissues and cells
It is challenging to achieve high ARV exposure in the tissues related to HIV sexual transmission, due to the physicochemical, physiological, and behavioral reasons. A number of PrEP drug candidates are either very hydrophobic (e.g. dapivirine) or quite hydrophilic (e.g. tenofovir, maraviroc). When administered topically, the absorption of these drugs can be limited due to the permeation barriers posed by the mucus layer and the epithelium (tight junctional proteins) of the cervicovaginal and colorectal tracts [28] , as well as the blood and lymphatic drainage systems which serve to extract the drug from the tissue (Figure 1 ). This is especially true for hydrophilic drugs that have low binding affinity to tissue proteins and cannot efficiently penetrate the plasma membrane. A Phase I trial (MTN-013/IPM-026) evaluating vaginal ring products containing dapivirine (hydrophobic) and maraviroc (MVC) (hydrophilic) revealed that MVC was not absorbed well based on the blood and cervical tissue concentrations and it did not exert protective effects compared to dapivirine [29] . Another extensively studied hydrophilic microbicide candidate, tenofovir (TFV), exhibited low penetration efficiency given the millimolar level drug concentration in the vaginal fluid but micromolar level concentration in the vaginal tissue [16] .
Although hydrophobic drugs can be absorbed more efficiently compared to the hydrophilic drugs, their distribution within the tissues can be potentially problematic. A study using excised human ectocervical tissue showed that film-released dapivirine mostly accumulated around the basal layers of cervicovaginal epithelium infiltrating the upper part of the stroma, while a small amount of drug reached the deep stroma [30] [31] [32] . This may be true for other hydrophobic drugs, which extensively bind to tissue proteins and consequently lead to poor penetration into deep stroma.
The low adherence often encountered with the use of once-daily products is another factor that can reduce ARV drug efficacy. Inconsistent efficacy results have been reported from different trials of 1% tenofovir gel [33] [34] [35] [36] , and the suboptimal results in CAPRISA 004, VOICE, and FEM-PrEP clinical trials have been attributed to poor patient adherence [13] . While long-acting dosage forms such as intravaginal rings are being actively pursued to resolve the adherence issue [13, [37] [38] [39] [40] [41] , it is crucial to understand physiologic determinants of tissue drug exposure for the optimal exposure and efficacy outcomes.
As for the PrEP utilizing orally administered ARVs, the tissue distributions of some ARVs differ markedly in their ability to penetrate into mucosal tissues and fluids [22, [42] [43] [44] . It has been observed that highly protein-bound drugs have lower tissue concentration i.e. lower tissue-to-plasma ratios, because only the free drug portion not associated with plasma albumin or α 1 -acid glycoprotein can distribute into tissues. However, the tissue distribution cannot be solely explained by protein binding affinity of the ARVs; other mechanisms may play a role in the distribution of ARVs to cervicovaginal tissues [22, 43] . Additionally, large inter-individual variability has been observed in the FGT drug concentration, for drugs within the same class and across different classes [22] . The variability in drug exposure in FGT is generally greater than that observed in plasma [22, 43] . Therefore, a better understanding of the causes underlying the low tissue penetration and inter-individual variability will facilitate the achievement of sufficient drug exposure after oral dosing.
The necessity of better understanding critical determinants of tissue drug exposure
Currently, the effective in vivo drug concentration remains unknown for many microbicide drug candidates being evaluated [19] . The consensus on PrEP drug delivery is to achieve the maximally tolerated drug concentration in the tissues and cells relevant to HIV sexual transmission [19] . For the ARVs with poor ability to penetrate tissues, an easy way of increasing the cervicovaginal tissue drug exposure is to increase the dose. However, high topical dose of some drugs is associated with altered vaginal microbiome and/or genital tract irritation [45] , and poses challenges to the manufacturability and applicability of microbicide products given limited drug loading capacity of topical products. For the oral PrEP, high doses of ARVs may cause a variety of toxicities to the liver, kidney, and cardiovascular systems [46] . The necessity and challenges of achieving high drug exposure in a safe and effective manner call for a need to better understand critical determinants of ARV exposure in the tissues and cells relevant to HIV sexual transmission. Notably, preclinical studies have demonstrated that the topically administered products could result in biologically relevant levels of DPV [47, 48] , MVC [49] , and TFV [50] [51] [52] in the tissues related to HIV sexual transmission. The models used in these studies include human cervical and vaginal tissue explants, rabbits, and non-human primates. The wide use of these models in microbicide testing warrants the parallel investigation of the critical determinants of tissue drug exposure in these models. This is especially important given the apparent inconsistency between preclinical and clinical testing results for some drugs (e.g. MVC). This information can lead to better design of PrEP products and significant improvement of drug delivery to target tissues and cells.
In addition, multiple physiological barriers exist and limit drug penetration into the tissues. The FGT and colorectal tissue are covered with a mucus layer that can entrap topically administered drugs and reduce their contact with epithelial cells. In FGT, the vagina and ectocervix are lined with multi-layer squamous epithelial cells (up to 40 layers) [53, 54] , which serves as a permeation barrier to topical drug administration ( Figure 1 ) [28] . The endocervix, uterus, and colorectum are lined with single-layer columnar epithelial cells (Figure 1 ), but the tight junction expression is more intense in these epithelial layers compared to the ectocervical and vaginal epithelia [55] . Since the target immune cells are distributed at different depths throughout the female genital and colorectal tracts, the administered drugs must penetrate deeply and accumulate in sufficient concentration in the tissue-associated immune cells.
Absorption of topically administered PrEP drug candidates can be limited due to the permeation barriers posed by the mucus layer and the epithelium (tight junctional proteins) of the cervicovaginal and colorectal tracts [28] , as well as the blood and lymphatic drainage systems which serve to extract the drug from the tissue (Figure 1 ). This is especially true for hydrophilic drugs that have low binding affinity to tissue proteins and cannot efficiently penetrate the plasma membrane. A recent Phase I trial (MTN-013/IPM-026) evaluating vaginal ring products containing 25 mg of dapivirine (hydrophobic) and 100 mg of maraviroc (MVC) (hydrophilic) in HIV-negative women. The drug concentrations were tested in plasma, cervicovaginal fluid, and cervical tissue and ex vivo HIV challenge was performed in cervical biopsy explants to evaluate pharmacodynamics. They found that MVC was not absorbed well based on the blood and cervical tissue concentrations and did not exert a protective effect compared to dapivirine [29, 56] . Although hydrophobic drugs can be absorbed more efficiently compared to the hydrophilic drugs, their distribution within the tissues can be potentially problematic. A recent study using excised human ectocervical tissue showed that film-released dapivirine mostly accumulated around the basal layers of cervicovaginal epithelium infiltrating the upper part of the stroma, while small amount of drug reached the deep stroma [30] [31] [32] . This may be true for other hydrophobic drugs, which extensively bind to tissue proteins and consequently lead to poor penetration into deep stroma.
The tissue distributions of some orally administered ARVs differ markedly in their ability to penetrate into mucosal tissues and fluids [22, [42] [43] [44] . It has been observed that highly protein-bound drugs have lower tissue concentration, i.e. lower tissue-to-plasma ratios, because only the free drug portion not associated with plasma albumin or α1-acid glycoprotein can distribute into tissues. Additionally, large inter-individual variability has been observed in the FGT drug concentration, for drugs within the same class and across different classes [22] . The variability in drug exposure in FGT is generally greater than that observed in plasma [22, 43] . Therefore, a better understanding of the causes underlying the low tissue penetration and inter-individual variability will facilitate the achievement of sufficient drug exposure after oral dosing.
Currently, the effective in vivo drug concentration remains unknown for many microbicide drug candidates being evaluated [19] . The consensus on PrEP drug delivery is to achieve the maximally tolerated drug concentration in the tissues and cells relevant to HIV sexual transmission [19] . For the ARVs with poor ability to penetrate tissues, an easy way of increasing the cervicovaginal tissue drug exposure is to increase the dose. However, high topical dose of some drugs is associated with altered vaginal microbiome and/or genital tract irritation [45] , and poses challenges to the manufacturability and applicability of microbicide products given limited drug loading capacity of topical products. For the oral PrEP, high doses of ARVs may cause a variety of toxicities to liver, kidney, and cardiovascular system [46] . The necessity and challenges of achieving high drug exposure in a safe and effective manner call for a need to better understand critical determinants of ARVs exposure in the tissues and cells relevant to HIV sexual transmission. This information can lead to better design of PrEP products and significant improvement of drug delivery to target tissues and cells.
Drug transporters in sexual transmission-related tissues and cells
and/or efficacy of ARVs [57, 58] . Although there is little direct evidence showing the functional role of these transporters in drug PK in the tissue, clinical PK studies comparing drug exposure in different physiologic compartments have implicated the presence of active drug transport mechanisms in the FGT [44, 59] . Some transporter substrates, including MVC, lamivudine, and emtricitabine, are reported to be preferentially distributed in cervicovaginal tissues and/or fluids at higher levels than in plasma, after oral administration [44, 59] . These differential drug distribution profiles cannot be solely explained by the differences in plasma protein binding and passive permeation, as drugs with similar plasma protein binding and permeability displayed different capabilities of distributing into cervicovaginal tissues [43, 44, 59 , 60].
Thompson et al. summarized published literature of 58 drugs and developed a mathematical model to predict a compound's cervicovaginal tissue penetration ratio (TPR) based on physicochemical properties and protein binding. The analysis showed that the TPR of orally administered drugs was significantly associated with its probability of being the substrate of efflux transporters, multidrug resistance-associated proteins (MRP1 and MRP4) [61] . This analysis highlighted the possibility of in vivo functional role of these transporters, in the blood-to-tissue distribution of ARVs in lower FGT. Several efflux and uptake transporters are also expressed in human FGT, colorectal tissues, and immune cells (Table 1) . In this section, a brief overview of drug efflux and uptake transporters as well as their role relevant to ARVs is discussed.
Expression and function of drug transporters in sexual transmission-related tissues and cells
Drug transporters are transmembrane proteins that control the movement of substrates in and out of the cells. They are localized on plasma membrane or the membrane of intracellular organelles such as mitochondria [63] . Numerous studies have established the role of transporters in controlling drug accumulation, and in maintaining the homeostasis of endogenous substances in multiple tissues/organs including brain, liver and kidney [58, [63] [64] [65] [66] [67] [68] [69] [70] [71] , and in various types of cells including epithelial cells [62, 72] , endothelial cells [73] , and immune cells [57] [74] . ATP-binding cassette (ABC) and solute carrier (SLC) superfamilies are transporters that are most relevant to efflux and uptake of ARVs respectively. The subfamilies of ABC and SLC transporters are reviewed elsewhere [75] .
Transporters in FGT (uterus, endocervix, ectocervix, vagina)-
Transporters such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), multidrug resistance proteins (MRPs) from ABC superfamily, and organic anion and organic cation transporters (OATs and OCTs), equillibrative transporters (ENTs), and organic aniontransporting polypeptides (OATPs) from SLC superfamily (Table 1) have been experimentally demonstrated to transport ARVs and are most frequently studied transporters in ARV PK. As listed in Table 1 , P-gp, BCRP, MRP4 are consistently expressed along the entire FGT. BCRP appeared to be the most highly expressed transporter among ABC transporters in FGT. The uterine BCRP mRNA level was found to be the highest among all types of female reproductive tract tissues [76] . The BCRP mRNA level in endocervix, ectocervix, and vagina was comparable to or higher than that in liver [24] , 92]. Several other MRP isoforms are also expressed at different segments of FGT (Table 1 ). There are contradictory reports regarding the expression of MRP3. This is mainly due to the difference in detection methods and criterion of "positive expression." For example, Zhou et al. reported MRP3 mRNA level undetectable in human ectocervix and vagina, as the RT-PCR products for this transporter did not show visible bands in the agarose gel after electrophoresis [24] . However, Gunawardana et al. detected MRP3 protein in sporadic basal epithelial layers of human vagina using immunofluorescence staining, thus considering MRP3 as positively expressed [77] . Our group has also recently studied the mRNA expression and protein localization of three efflux transporters, P-gp, MRP4, and BCRP, in the lower genital tract of premenopausal women and pigtailed macaques [62] . The IHC staining showed that P-gp and MRP4 were localized in multiple cell types including epithelial cells and vascular endothelial cells in the female lower genital tract while BCRP was predominantly localized in the vascular endothelial cells. Compared to human tissues, the macaque cervicovaginal tissues displayed comparable expression and localization patterns of the three transporters, although subtle differences were observed between the two species. Transporter expression was also studied in cervicovaginal cell lines such as End1/ E6E7, Ect1/E6E7, and VK2/E6E7 [78] .
Compared to the ABC transporters, SLC transporters have been generally less studied in the FGT. The most relevant SLC transporters OAT1, OAT3 and OATP1B1 were found to be not expressed in endocervix, ectocervix, and vagina [24] , which are major sites of PrEP drug action. The type of cells that harbour transporter proteins varies among different segments of FGT (Table 1) .
Transporter functionality has been explored in few studies. Schinkel et al. found that Mdr1a/1b double knockout resulted in 2.2-fold increase in digoxin accumulation in mouse uterus, after intravenous administration [79] . Using a rabbit model, Grammen et al. demonstrated that the systemic uptake of P-gp substrate talinolol after vaginal administration could be significantly increased with the co-administration (vaginal route) of the P-gp inhibitor verapamil [80] . These studies indicate that ARV drug delivery to FGT and systemic circulation can be increased with the concomitant use of transporter inhibitors.
The regulation of transporter expression and localization in FGT has also been reported. In premenopausal women, the cellular localization, staining intensity, and percentage of P-gp in uterine tissue varied with the phase of the menstrual cycle. The staining intensity increased from early proliferative to late proliferative endometrial stages while it diminished from early secretory to late secretory phase. [81] P-gp expression parallels that of nuclear progesterone receptor expression in the normal human endometrial cycle and early gestational endometrium. In addition, P-gp expression corresponds to rising plasma and tissue levels of progesterone as well as to morphologic changes in the endometrial glandular epithelium associated with the marked development of the secretory apparatus [81] . In addition to P-gp, the MRP4 protein expression was found to undergo cyclic change during the estrous cycle in intact bovine endometrial tissues [82] . In the uteri from peritoneal endometriosis patients, Gori et al. reported that MRP4 was expressed in eutopic and ectopic endometrium, where it was overexpressed in peritoneal lesions and localized in the cytoplasm of glandular epithelial cells. Attenuation of MRP4 mRNA and protein levels in endometriotic epithelial cells by Lipoxin A4 was found to be mediated through estrogen receptor α, as examined using receptor antagonists and small interfering RNA [83] . The regulation of P-gp and Mrp4 expression at mRNA and protein levels by menstrual cycle has also been reported in a mouse model. The cyclic change of transporter expression during the menstrual cycle is presumably a result of the cyclic change of the reproductive hormones (estrogens and progesterone). Hormones have been shown to affect transporter expression and functionality through a variety of mechanisms, and the transcriptional regulation through hormone-responding nuclear receptors is most well studied [84] . In addition to endogenous hormones, synthetic hormonal contraceptives such as Depo-Provera also have the potential to modulate transporter expression, due to their ability to bind nuclear receptors [85] . However, the effect of hormonal contraceptives on transporter expression in cervicovaginal tissues, colorectal tissue, and immune cells has not been reported. This information is important given that hormonal contraceptives are widely used in participants of PrEP clinical trials [86] . For example, in the CAPRISA 004 trial which provided critical evidence of the effectiveness of tenofovir vaginal gel, 80% of participants were on the progestin contraceptives [87] . The effect of the commonly used contraceptives warrant further investigation for better delineation of the mechanisms underlying suboptimal exposure and efficacy of ARVs in PrEP trials. Table  2 , P-gp, BCRP, MRPs1-7 are positively expressed in human colorectal tissues at moderate to high levels, compared to other genes expressed in colorectum [58, 89, 95, 100, 103, 106, 108] , or compared to the expression level of the same transporter in liver [76] . The detection methods include qRT-PCR, Western blot, and IHC staining. De Rosa et al. compared the expression levels of multiple ABC transporters in the sigmoid colon of HIV-uninfected man [58] . In this evaluation, the ranking of transporter mRNA level was: MRP2>MRP4>MRP1> P-gp > BCRP, and the ranking of transporter protein level was: MRP1 > MRP4 = BCRP > MRP2 > P-gp [58]. However, Zimmermann et al. reported that the rank order of the transporter mRNA level was: MRP3 ≫ MDR1 > MRP4 almost equal to MRP5 > MRP1 ≫ MRP2 [108] . One possible cause for this difference is the source of tissue samples. De Rosa et al. used tissues from young men with a median age of 39, while Zimmermann et al. used the tissues from both men and women with the average age of 62 [58, 108] . Colorectal tissue P-gp, BCRP, MRP2, MRP3, MRP4 were localized on the plasma membrane of multiple cell types, including specialized epithelial cells with secretory/excretory functions, and endothelial cells of capillary blood vessels [93, 94, 99, 104, 151] . Furthermore, MRP4 was localized in endoplasmic-Golgi complex and basolateral location in goblet cells [104] , MRP3 and MRP5 were localized on the basolateral membrane of glandular epithelial cells [104, 152] . The regional distribution of transporters along the intestinal tract has also been studied. Blokzijl et al. reported that P-gp mRNA level in colon was 5-fold lower than the level in terminal ileum [95] . Prime-Chapman et al. examined the mRNA expression of MRP1-6 in human colon and rectum. All the 6 MRPs were detected in the colon, but MRP2 and MRP6 were not detectable in the rectum [106] . The differential expression of the same transporter between colorectum and female genital tract was also reported by Nicol et al. In this study P-gp and MRP2 were expressed at lower levels compared to vagina, while the colorectal MRP4 level was higher than the vaginal level [94] . As to the SLC transporters, OAT2, CNT1, ENT1 were found to be highly expressed [89] , while OAT1, OAT3, OCT2, OCT3 and OATP1B1 were negligible in human colorectum [94, 103] .
Transporters in colorectal tissues (Colon, colorectum)-As shown in
The functionalities of colorectal P-gp and BCRP have been studied using human tissues and preclinical models. Collett et al. studied the permeability of the P-gp substrate UK-338,003 through mouse ileum and colon. The colonic permeability of UK-338,003 was at least 40 times lower than that of ileum, with large asymmetry (basolateral-to-apical permeability was much larger than the apical-to-basolateral permeability). The application of P-gp inhibitor markedly increased the colonic permeability of UK-338,003 to the level comparable to that of ileum. Low apical-to-basolateral permeability of UK-338,003 was also observed in the ex vivo human distal intestine, however the increase in UK-338,003 permeability after the coadministration of P-gp inhibitor was significantly lower than the increase in mouse colon [98] . This result has potential implications for drug delivery, specifically the route of administration and targeting specific parts of gastrointestinal tract to achieve effective drug permeability in the presence of P-gp inhibitors. Enokizono et al. used 4-methylumbelliferone (4MU) as substrate to examine BCRP functionality on the everted mouse colon sacs. A marked reduction in the mucosal secretion clearance of the 4MU sulfate was observed in the colon of BCRP knockout mice compared to that of the wild-type mice [101] .
The studies examining the regulation of colorectal transporters have focused on several ABC transporters. The effect of gender on human colonic transporter expression remains unknown, but there is no difference in colonic P-gp mRNA level between male and female mice [153] . The impact of inflammation on transporter expression is different for different transporters. Ulcerative colitis (UC), Crohn's disease (CD), collagenous colitis and diverticulitis cause tissue inflammation and strongly decreased P-gp mRNA and protein expression in colonic epithelial cells and submucosal mononuclear cells. The inflammation also down-regulates BCRP expression [100] . The down-regulation of P-gp is independent of PXR protein level [95] , while the decrease in BCRP level was negatively correlated with the interleukin (IL)-6 mRNA level [100] . On the contrary, UC and CD significantly increased MRP1 mRNA expression [95] . HIV infection significantly down-regulated P-gp and MRP2 protein levels in male recto-sigmoid colon, while ARV treatment up-regulated P-gp and MRP2 protein levels [109] . The HIV infection and treatment did not have obvious effect on the expression of MRP1, MRP4 and BCRP [109] . In contrast to ABC transporters, the regulation of SLC transporters by infection or ARV treatment is not well understood. Kleberg et al. reported that neoplasia up-regulated OATP2B1 and OATP4A1 mRNA levels in human colorectum [104] .
In addition to the anatomical differences that influence drug absorption, distribution, and elimination between FGT and colorectal tissues, these studies indicate that the transporter expression is also significantly different. The presence of uptake transporters in colorectum could provide a differential tissue exposure, PK, and efficacy when compared to FGT. Therefore, drug delivery strategies targeting FGT and colorectal tissues need to take into account these differences and exploit respective transporter expression and functionalities for effective drug delivery. The influence of pathophysiology such as inflammation on mucosal permeability and transporter expression are additional factors that can effect drug accumulation and elimination in colorectal tissues and cells.
Transporters in HIV target immune cells-Due
to the scarcity of human cervicovaginal and colorectal tissues, and the difficulty of purifying immune cells from these tissues, there is a lack of characterization of the transporter expression and activity of the tissue-associated submucosal immune cells. However, there have been abundant reports on peripheral blood mononuclear cells (PBMCs), PBMC-derived immune cell subsets, and immortalized immune cell lines. Numerous studies have revealed the expression profile, functionality, and regulating factors of a number of ABC and SLC transporters in PBMCs, blood-derived lymphocytes or CD4+ T cells, blood monocyte-derived macrophages (MDM), and blood-derived DCs. Table 1 lists transporters expressed in immune cells from peripheral blood, and cervicovaginal and colorectal tissues. Large inter-individual differences in P-gp level have been observed in primary lymphocytes isolated from healthy volunteers [128] .
ABC transporters in human blood-derived immune cells have been demonstrated to efflux ARVs and other drugs. The expression and functionality of several transporters were investigated in immune cells using transporter inhibitors. In healthy PBMCs, Janneh et al. reported the inhibitors of P-gp, MRP1 and MRP2 significantly increased the intracellular accumulation of saquinavir in healthy PBMCs [114] . Janneh et al. demonstrated that the MRP inhibitors tariquidar, MK571, frusemide and dipyridamole, as well as protease inhibitors (PIs) ritonavir, amprenavir and atazanavir significantly increased the intracellular concentration of lopinavir [131] . In lymphocytes, Gupta et al. revealed positive efflux activity of P-gp in healthy CD4+ T cells [130] . Clemente et al. revealed that the nonsteroidal anti-inflammatory drugs (NSAIDs) blocked MRP4 efflux, increased the intracellular concentration and anti-viral efficacy of several nucleoside reverse transcriptase inhibitors (NRTIs) including zidovudine (AZT) in peripheral blood lymphocytes (PBLs) [112] . Liptrott et al. revealed the nevirapine concentration in the healthy CD4+ blood cells can be increased by small interfering RNA knockdown of MRP7 [143] . Lee et al. detected MRP1 efflux activity in the CD4+ T cells isolated from healthy subjects [154] . The lymphocyte transporter has also been studied in mouse. Elliott et al. revealed the positive expression and activity of P-gp (Mdr1a/1b), Mrp1, and Bcrp in mouse blood lymphocytes [137] . Schinkel et al. examined P-gp function in mice, and found that the lymph node accumulation of intravenously administered digoxin was significantly increased in Mdr1a/1b double knockout mice, compared to the wild type mice [155] . In human MDMs, the P-gp inhibitor PSC833 and the MRP1 inhibitor probenecid increased the intracellular accumulation of AZT in HIV-infected MDM, and increased the efficacy of AZT and indinavir [148] . Liptrott et al. reported the functionality of MRP7 in effluxing nevirapine from MDMs, using small interfering RNA that specifically knocked down MRP7 [143] . Due to the observed efflux activity of immune cell transporters, the genetic polymorphisms of Pgp, MRP1, MRP4, MRP5 transporters have been shown to correlate with varying intracellular concentration and/or efficacy of substrate drugs including PIs and NRTIs, in PBMCs and blood CD4+ T cells [112, 116, 127, 144] .
The effects of disease, drug treatment, and activation status on immune cell transporter expression and activity have been evaluated. The effect of HIV infection depended on the model and cell type selected for examination. In human PBMCs, HIV infection up-regulated mRNA levels of P-gp and MRP1, 4, 5 [127] . In H9 (T cell line) and U937 (monocytic cell line) cells, HIV infection increased the expression of P-gp and increased the efflux of P-gp substrates AZT and daunorubicin [138] . In MDMs, HIV infection increased the mRNA levels of MRP1, 4, 5 [147] . However, Lucia et al. reported that viral load did not affect P-gp expression in the PBMCs of treatment-naive and -experienced patients [118] . In cynomolgus macaques, simian/human immunodeficiency virus (SHIV) infection decreased P-gp mRNA level in PBMCs and lymph node mononuclear cells [115] . Besides HIV infection, myasthenia gravis decreased P-gp efflux function of PBMCs [125] , and increased intracellular cholesterol levels markedly up-regulated P-gp activity in PBMCs [126] . The effect of cytokine and ARV/anticancer drug treatment on immune cell transporters appeared to be drug-specific. IL-2 and interferon (IFN)-γ significantly increased the mRNA and protein expression of P-gp, MRP1 and MRP2, and reduced accumulation of digoxin and saquinavir, in the PBMCs of healthy volunteers [117] . In MDMs, IFN-γ increased P-gp mRNA abundance, induced polarized redistribution of P-gp protein in pseudopodia, and increased the efflux activity of P-gp [149] . The anticancer treatment of Kaposi sarcoma using the liposomal formulation of anthracycline doxorubicin up-regulated P-gp in the PBMCs of treatment-naive and -experienced patients [118] . AZT increased the MRP4 expression level in HIV infected T lymphocytes [112] . Despite these up-regulating effects, Lucia et al. reported that highly active antiretroviral therapy (HAART) did not affect P-gp expression in the PBMCs of treatment-naive and -experienced HIV-infected patients [118] . Agrati et al. reported that ARV treatment did not affect P-gp expression in PBMCs of HIVinfected patients [110] . Bossi et al. found that the PI treatment had no effect on the P-gp expression and activity, and was not linked to the treatment outcome [136] . Chinn et al. observed no significant effect of saquinavir and atazanavir treatments on P-gp expression and activity of lymphocytes isolated from healthy subjects [128] . In addition, Lucia et al. found that treatment with PIs, including ritonavir, saquinavir, nelfinavir and indinavir, reduced the efflux of rhodamine 123 in blood lymphocytes from healthy and HIV infected patients [119] . Lee et al. reported that PIs exerted differential effects [154] . In this study, MRP1 expression and efflux activity in healthy CD4+ T cells were reduced after the treatment of darunavir/ritonavir, but not after efavirenz treatment alone. In SHIV infected cynomolgus macaques, HAART (AZT, lamivudine, and indinavir) accentuated the infection-induced decrease of P-gp mRNA level, in macaque PBMCs and lymph node mononuclear cells [115] . The chemical-induced activation was shown to increase the expression and/or activity of P-gp and ENTs in primary lymphocytes [122, 130] .
These studies demonstrate that drug transporters in immune cells are functional and they can influence the ARV drug uptake. Furthermore, the effect of concomitant presence of diseases and activating stimuli on transporter expression and functionality suggests possible implications for ARV drug delivery. Although few reports studied immune cells in female genital tissues and colorectum, preliminary evidence indicate expression of efflux transporters (Table 1) [94, 95] . It is necessary that new drug delivery methods are developed and utilized in targeting specific immune cells relevant to HIV transmission. Targeting ARVs to specific immune cells such as CD4+ T cells, macrophages, and DCs in blood and lymphatic system has proven efficacious previously [156] [157] [158] [159] . These targeting methods could be further improved if transporter-relevant factors are considered.
Summary
The positive expression of multiple transporters in the tissues and cells relevant to HIV transmission indicates that these transporters may play a role in drug absorption and disposition and PrEP effectiveness. Especially, some important transporters (P-gp, BCRP, MRPs) have been demonstrated to localize in multiple cell types (epithelial cells, secretory glandular cells, vascular endothelial cells) in these tissues, indicating these transporters may affect multiple processes of drug handling in the tissues and cells. The uptake transporters were generally less studied compared to efflux transporters. OCTs, CNTs, ENTs, and OATPs can be detected in some tissues, however the expression profiles of OAT1 and OAT3, which are the major uptake transporters for TFV, were found to have minimal expression in the cervicovaginal tissues and their expression and activity remain unknown in the tissues and immune cells. The positively expressed transporters may be able to affect the drug PK in all the three compartments in HIV transmission (mucosal fluid, tissue, and blood).
The observation that transporters (e.g. P-gp) can be regulated by exogenous hormones, disease status, and concomitantly used drugs highlights the possibility that the transporter functionality may be variable under different pathophysiological conditions. It has been reported that many factors influence transporter expression and activity (varying level of sex hormones, age, gender, methods of lymphocyte activation, etc.) [57] . Finally, transporter information will help explain and predict the transporter-mediated drug-drug interaction, and inter-individual variability in ARV PK and PD. An important source of variability is pathophysiological factors including age, gender, and disease status, and the effects of these factors on ARV drug disposition and efficacy are mediated partially by transporters.
Contradictory reports have been observed for transporter expression and activity, especially in immune cells. There is large heterogeneity between different subsets of immune cells, and even within same subset (e.g. CD4 + T cells) [57] . In addition to the differences in experimental approaches, the potential inherent heterogeneity in immune cells being tested may also contribute to the observed conflicting results for transporter expression and activity in immune cells. However, MRP1 was consistently reported to be highly expressed in human lymphocytes [144, 160] , indicating that this transporter may play a consistently significant role in the PK of ARVs in the immune cells. Taken together, there is a clear need for a more insightful understanding of the transporters in tissues and cells relevant to HIV sexual transmission.
Drug transporters in the pharmacokinetics of ARVs

ABC transporters in the pharmacokinetics of ARVs
In humans, the ABC transporter superfamily is further categorized into 7 families, from ABCA to ABCG [161, 162] . In this review, emphasis is given to ABCB1 (P-gp) from the ABCB subfamily, ABCC1 to 7 (MRP 1 to 7) from the ABCC subfamily, and ABCG2 (BCRP) from the ABCG subfamily, since they comprise the major efflux pumps for ARVs.
ABC transporters affect the intracellular accumulation of all classes of ARVs, such as MVC (EI), saquinavir (PI), TFV (NRTI), efavirenz (NNRTI), and raltegravir (II). Apart from
being the substrates, xenobiotic and endogenous substances could also inhibit transporter activity by competitively binding to domains critical for transporter activity. For example, the PIs (e.g. ritonavir) are potent P-gp inhibitors, which exert their inhibitory effect through competitive binding to the extracellular domain of P-gp [58, 63] . Besides marketed drugs, some generally-regarded-as-safe (GRAS) excipients have been shown to potently inhibit ABC transporters, by temporarily depleting intracellular ATP availability and/or reversibly modifying plasma membrane fluidity [63, 163] .
In tissues with high expression and/or critical localization of transporters, differential tissue distribution patterns of the substrates vs. non-substrates have been observed. In addition, genetic polymorphisms of a number of transporters are associated with inter-individual variability in ARV drug PK [164, 165] . Up-regulation or down-regulation of transporter expression/activity could alter ARV drug PK profile and efficacy [22, 166] . Coadministration of efflux transporter inhibitors, including ARVs and pharmaceutical excipients, has been shown to be an effective approach to enhance drug exposure in tissues with high levels of transporter expression [167] . Since many drugs can modulate transporter expression and activity, a significant portion of drug-drug interactions is mediated by transporters; more detailed information on this topic can be found in published reviews [21, 63, 64] . A compilation of efflux and uptake transporters and different classes of ARVs that are shown to be inhibitors or substrates of these transporters is listed in Table 2 .
ABCB1 (P-gp)-Many
ARVs are substrates of P-gp [58] . All PIs are high-affinity substrates of P-gp [5, [168] [169] [170] [171] [172] [173] . In addition, the EI, MVC, the NRTIs such as tenofovir disoproxil fumarate (TDF) and abacavir, and some IIs such as raltegravir, can be transported by P-gp. At cellular level, P-gp is localized in epithelial cells, vascular endothelial cells, as well as the immune cells. Therefore, this transporter could affect drug transport across physiologic barriers that are constructed by epithelial cells (e.g. small intestinal enterocytes) and endothelial cells (blood-brain barrier), and in the immune cells. Due to the wide tissue distribution and broad substrate specificity, P-gp has been recognized as the major efflux pump responsible for cellular resistance to antiviral and anticancer drugs. Among ARVs, some PIs and NNRTIs can inhibit P-gp [174] [175] [176] [177] [178] [179] . The plasma area under the curve (AUC) after oral administration of MVC (P-gp substrate) was 3 times higher in P-gp knockout mice compared to the wild type mice [180] . In humans, the concomitant use of P-gp inhibitors atazanavir, ritonavir, saquinavir and ketoconazole have been shown to significantly increase the C max and AUC of orally administered MVC up to 5 fold [181] . These studies highlight that P-gp plays an important role in the PK/PD of substrate ARV drugs.
ABCCs (MRPs)-MRPs
belong to the C family of ABC superfamily, and transport a diverse array of ARVs [58] . The MRP members most relevant to ARVs are MRP1, 2, 4 and 5. MRP1 and MRP2 are shown to transport several PIs, including ritonavir, lopinavir, atazanavir, saquinavir, and indinavir [114, [182] [183] [184] [185] . MRP1, 2, and 4 also mediate the efflux of many NRTIs. For example, MRP1 mediates emtricitabine efflux from lymphocytes. MRP2, 4, and 5 transport TFV [186] [187] [188] [189] . Administration of TFV to Mrp4 knockout mice resulted in more than 2-fold higher TFV concentration in the kidney after intravenous administration [188] . In humans, genetic ABCC4 3463G variants lead to TFV-DP concentrations in PBMCs, which was significantly higher than that of wild type [116] . MRP5 has been shown to transport stavudine in vitro [187] . NNRTIs and NRTIs including delavirdine, efavirenz, and emtricitabine inhibit several MRPs at clinically relevant concentrations, as revealed in cell culture experiments [190] . In addition, NSAIDs such as indomethacin and ibuprofen are reported to be potent inhibitors of MRP4 [112, [191] [192] [193] , and have been demonstrated to enhance the antiviral efficacy of NRTIs in HIV-1-infected Tlymphocytes [112] .
ABCG2 (BCRP)-BCRP
belongs to the G family of the ABC superfamily, and transports a number of ARVs from different classes [58] . As demonstrated in lymphocytes and BCRP-overexpressed cell cultures, this transporter confers resistance to many NRTIs, including abacavir, AZT, lamivudine, didanosine, and stavudine [194] [195] [196] [197] . In Bcrpknockout mice, the brain accumulation of abacavir was significantly increased [194] . BCRP genetic polymorphisms exerted an impact on its activity in vitro, however no in vivo correlation was observed between BCRP polymorphisms and the concentrations of AZTand lamivudine-triphosphates [165] . Although PIs and NNRTIs are not BCRP substrates; [97] they have been demonstrated to be potent inhibitors of BCRP. In vitro assays demonstrated that PIs and NNRTIs such as ritonavir, saquinavir, nelfinavir, lopinavir, delavirdine, efavirenz, atazanavir, and amprenavir showed BCRP inhibition with IC 50 values in micromolar range [97, 98] It should be noted that the in vivo free plasma concentration of PIs and NNRTIs are usually in nanomolar or micromolar range, thus the in vivo effect of these drugs on BCRP-mediated transport needs further investigation [98] . The BCRP-inhibiting drugs may at least play a role in the absorption process of co-administered drugs that are BCRP substrates, such as a number of NRTIs mentioned above [98] .
SLC transporters in the pharmacokinetics of ARVs
SLC transporters are widely distributed in tissues and cells including liver, kidney, intestine, and immune system cells. This review focuses on the SLC subfamilies most relevant to ARVs, which are OATs, OCTs, CNTs, ENTs, and OATPs.
SLC22A family members (OATs and OCTs)-OATs
and OCTs belong to the SLC22 family. They transport the ionized drugs across plasma membranes. In the PK of ARVs, the most extensively studied OATs are OAT1 (SLC22A6) and OAT3 (SLC22A8), which can transport TFV. On the basolateral membrane of renal proximal tubular epithelial cells, these two OATs facilitate the uptake of TFV from blood circulation into the renal epithelial cells, which could be subsequently effluxed by MRP4 into urine. The genetic polymorphisms of renal SLC22A6 are associated with TFV-induced kidney toxicity. OCT1 and OCT2 have been shown to transport several NRTIs including lamivudine and zalcitabine [198] . Among ARVs, some PIs including indinavir, nelfinavir, ritonavir, and saquinavir, can inhibit OCT1 and OCT2 activities in vitro [199] .
SLC28 and SLC29 family members (CNTs and ENTs)-CNTs and ENTs
belong to the SLC28 and SLC29 families, respectively. They are known to transport nucleoside analogues, including NRTIs. Based on their relative affinities to cellular nucleotides, CNTs are considered as high affinity transporters while ENTs are considered as low affinity transporters [200] . They are ubiquitously distributed in various types of tissues and cells. Among ARVs, AZT and lamivudine are transported by CNT1 [151, 201] , and didanosine can be transported by CNT2 [202] . AZT and didanosine can be transported by ENT3, but the affinity of this transporter is low [203] . The NRTIs are well-known substrates of ENTs. For example, didanosine can be transported by ENT1 and ENT2, AZT can be transported by ENT2 [204] , and stavudine and zalcitabine can be transported by ENT3 [21] .
SLCO family members (OATPs)-The
OATPs belong to the SLCO family. OATP1A2 and 1B1 are mostly studied OATPs in ARV drug PK. OATP1A2 and OATP1B1 transport PIs and EIs including darunavir, lopinavir, saquinavir and MVC in vitro [205] [206] [207] . An OATP1B1 polymorphism, 521T>C, was significantly associated with higher plasma levels of lopinavir and MVC in patients [206, 207] . In addition to being transported by OATPs, some PIs are potent inhibitors of OATP1B1 [208, 209] .
Summary
The mentioned studies demonstrate that several subclasses of uptake and efflux transporters could affect the PK of ARVs. Furthermore, inhibition studies suggest that these transporters could be major determinants of ARVs absorption. Despite the scarcity of human studies on transporter function in FGT and colorectal tissues, it is apparent that multiple transporters, especially the ARV-relevant efflux transporters, are positively expressed in these tissues, and some are shown to affect the ARV PK and efficacy in these tissue sites. The cumulative effects of tissue and systemic transporter function dictate the drug levels in tissues and cells relevant to the sexual-transmission of HIV. Because specific ARVs have been shown to be inhibitors or inducers of transporter expression, the drug delivery methods should consider potential drug-drug interactions and the opportunities to utilize them as boosting agents. By understanding the factors that could influence drug disposition such as ARV-transporter interaction, expression of major transporters in compartments relevant to the route of delivery, and the influence of drug combinations, effective drug delivery strategies can be designed.
Drug delivery strategies to increase PrEP efficacy
The goal of drug delivery for PrEP-based HIV prevention is to increase drug accumulation in target tissues and cells. Studies demonstrate that drug transporters expressed in female genital tissues, colorectum, and immune cells could affect the systemic and tissue levels of ARVs. Therefore, transporter-dependent and transporter-independent drug delivery methods are needed to curb the negative impact of drug transporters. Several factors need to be considered for efficient drug delivery such as physiochemical aspects of ARVs, effect of combination drugs and excipients on transporter function, routes of administration, differential expression of transporters in cells and tissues involved in sexual HIV transmission, and influence of physiological and pathophysiological factors. The effect of drug transporters on tissue/cell uptake of drugs could be minimized by strategies that utilize inhibition, saturation, or circumvention of transporters.
Uptake and efflux transporters relevant to HIV drugs are ubiquitously expressed in the body [21, 166] . Therefore, the frequency and extent of drug exposure to transporters is dependent on the route of delivery. Anti-HIV drugs delivered through the oral route can be subjected to transporters in the gastrointestinal tract, immune cells in systemic circulation, and metabolism/elimination organs such as the liver and kidneys. For example, the availability of ARVs in the central nervous system is limited by P-gp expressed in the gastrointestinal tract as well as blood-brain-barrier (BBB) [5] . Local delivery approaches to vaginal and colorectal tissues using gels, tablets, films, vaginal rings, enemas, and suppositories could overcome some of these barriers. Intravaginal and rectal delivery can surpass first pass metabolism thus reducing drug-transporter interaction in the liver. However, patient adherence and inability to deliver uniform doses are potential challenges with insertionbased administration. In addition, genetic polymorphisms of transporters are shown to affect drug PK and contribute to inter-individual variability. Development of novel transporterindependent drug delivery strategies that can maintain sustained intracellular drug concentration should be considered.
Physiochemical properties of antiretroviral drugs
Drug delivery to target tissues and cells can be governed by the physiochemical properties of ARVs, namely, solubility, permeability, and protein binding. The tissue exposure of administered drugs can be greatly affected by these properties [22] . For a given ARV drug, being an in vitro substrate of a transporter does not necessarily mean that the transporter will play a significant role in the drug's tissue absorption and disposition in vivo. The functional role of transporters is affected by the drug's permeability and solubility [21, 210] . The Biopharmaceutics Classification System (BCS) categorizes different drugs into 4 classes according to drug permeability and solubility: Class 1, high permeability, high solubility; Class 2, high permeability, low solubility; Class 3, low permeability, high solubility; Class 4, low permeability, low solubility [210, 211] . The BCS classification, and the interaction with efflux transporters and uptake transporters are summarized for FDA-approved ARVs in Table 2 .
Class 1 drugs, due to their relatively high permeability, can enter the tissue without the aid of uptake transporters [21, 210] . Three NRTIs, AZT, abacavir, and stavudine, belong to Class 1 (Table 2 ). These drugs can easily saturate the efflux transporters because they can quickly enter cells and accumulate high intracellular concentration. Therefore, the Class 1 drugs, including abacavir, AZT, stavudine and delavirdine, are not likely to be influenced by efflux and uptake transporters even if they are substrates (Table 2 ) [210] .
Class 2 drugs are not likely to be affected by uptake transporters due to high permeability, but they are prone to be influenced by efflux transporters because their low solubility renders them unlikely to saturate efflux transporters [21, 210] . The efflux transporters are able to pump the drug back into the lumen (topical administration) or blood stream (oral administration), and the drug can re-enter the tissue and be repeatedly exposed to intracellular metabolizing enzymes. Therefore, a feature of Class 2 drugs is that they are more likely to be subjected to transporter-enzyme interplay [210] . As shown in Table 2 , all the PIs, some NNRTIs such as nevirapine, and the IIs raltegravir belong to Class 2. Therefore, these drugs will be affected by efflux transporters.
Drugs from Class 3 and Class 4 require uptake transporters to accumulate in tissues due to their low permeability [21, 210] . The effect of uptake transporters is especially evident for Class 3 drugs which have relatively higher solubility [21] . These two classes also have the potential to be influenced by efflux transporters, since they are unlikely to achieve high intracellular concentrations that could saturate efflux transporters [21, 210] . As shown in Table 2 , five NRTIs including lamivudine, emtricitabine, TDF, TFV, and didanosine belong to Class 3. The EI MVC also belongs to Class 3. Currently only one ARV drug etravirine (NNRTI) belongs to Class 4. These drugs may be influenced by both efflux and uptake transporters.
To summarize, efflux transporters mainly affect drugs from Classes 2, 3, and 4, especially Class 2 drugs. Uptake transporters mainly affect drugs from Classes 3 and 4, especially Class 3 drugs [21, 210] . In addition to solubility and permeability, protein binding is also a governing factor for tissue exposure of drugs [22] . It has been demonstrated that highly protein-bound ARVs show reduced mucosal tissue levels, i.e. in colorectal and cervicovaginal tissues. Of note, protein binding can differ between blood plasma and cervicovaginal fluid. For topical PrEP, protein binding within FGT may impact drug distribution in cervicovaginal tissues, immune cells, and local lymph nodes. Significant protein binding could reduce tissue drug levels because only the free drug form can permeate through the mucosal layers. Therefore, the prediction of the in vivo functional role of transporters in tissue drug exposure will need to incorporate the information of drug solubility, permeability, and protein binding of ARVs, even if the drugs are proven to be transporter substrates in vitro. In addition to BCS classification, the Biopharmaceutics Drug Disposition Classification System that incorporates transporter information should be utilized [210] . This information can guide formulating effective drug delivery systems that impact solubility, permeability, and protein binding, and achieve high target concentrations of ARVs.
Formulation
It is well known that formulation ingredients impact transporter functionality. For example, pharmaceutical excipients such as cremophor, pluronic P85, Vitamin E TPGS, and polysorbate 80 are potent P-gp inhibitors [163] . Similarly, excipients such as pluronic P85, polyethylene glycol 300, and cyclodextrins are reported to inhibit MRPs [163] . Cremophor EL has shown a dose-dependent increase in oral absorption of saquinavir, which is a substrate for P-gp [212] . Thiolated chitosan, which is used as a mucoadhesive and a permeation enhancing polymer, has been shown to inhibit P-gp [213] . Such multifunctional polymers could increase intracellular drug concentration through efflux transporter inhibition, permeation enhancement, and longer retention via mucoadhesion. Therefore, currently used oral and vaginal formulations for HIV can be modified to include these excipients to modulate the transporter function and increase the efficiency of drug delivery to the target cells. However, it is important to note that formulation excipients such as surfactants could potentially increase the membrane fluidity [214, 215] , which could ultimately increase the probability of viral entry to the target cells. This aspect is particularly important for products designed for local application in the vaginal and rectal cavities.
Additionally, drug combinations containing transporter inhibitors can be sought to increase intracellular concentrations of drug of interest. Co-administration of multiple ARVs and drugs belonging to other classes has shown effect on transporter function and drug PK [58, 216] . HAART combines several ARVs to achieve significant reduction in viral activity [217] . For topical PrEP-based prevention of HIV acquisition, combination drugs have been utilized such as TFV and emtricitabine [218] for vaginal gels, TFV and dapivirine for vaginal gel [219] , ring [220] , and film [221] , dapivirine and MVC [222] for vaginal rings, and TFV and nevirapine [223] for vaginal rings. In addition to the additive and synergistic roles of combination drugs, their effects on transporter functionality can guide the choice of drug combinations. For example, ARVs such as atazanavir, ritonavir, and saquinavir inhibit P-gp and increase oral absorption of MVC [181] . Due to the positive expression of P-gp in tissues and cells relevant to sexual-transmission of HIV, local delivery approaches can also benefit from these drug combinations. In addition to ARVs, NSAIDs have also shown P-gp inhibitory activity [112] . The combination of hormonal contraceptives and ARVs is sought to increase the use of ARV as prophylactic strategy in women [224] . Because sex hormones have been shown to modulate transporters [225] , these combinations can also be guided by their effect on transporter function. Alternatively, recent studies indicate that ARVs alter the PK of hormonal contraceptives by either increasing or decreasing AUC [226, 227] . In addition to ARV effects on metabolizing enzymes, this effect could be partly influenced by transporter functions. It should be noted that some ARVs are associated with increased expression of efflux transporters or inhibition of uptake transporters, which should be considered for combination drug approach. The potential effects of these combinations on homeostatic roles of drug transporters need to be evaluated. Since the drugs can be substrates, inhibitors, or inducers of transporter function [228, 229] , the complexity of this interplay needs validation in ex vivo and in vitro studies.
Sustained release formulations are being actively pursued as a means to improve patient product use compliance. Such strategies could also modulate transporter function by maintaining effective concentrations for longer periods, in addition to increasing patient adherence. Formulation methods that can increase drug absorption through solubility and permeability enhancement such as prodrugs, use of surfactants and permeation enhancers could also increase target concentration of ARVs. For vaginal and colorectal delivery, the use of mucoadhesives can increase the dosage form residence time and drug delivery efficacy. These methods can be effectively combined with transporter-function modifying excipients or drugs to achieve and sustain effective drug concentration at the target locales.
Nanomedicine and targeting approaches
Nanomedicine offers several opportunities to increase and sustain target concentrations of ARVs. Several reviews have been published in this area [230] [231] [232] . Compared to drug in solution, drug loaded in nanoparticles can markedly increase the target drug accumulation and sustain drug levels for a longer period of time [233] . Several studies demonstrated the use of nanoparticles to increase oral absorption by inhibition or circumvention of P-gp transporters [234, 235] . Beloqui et al. reported nanostructured lipid carriers to increase oral absorption of saquinavir by modifying physiochemical properties such as size, which effectively circumvented efflux by intestinal P-gp [234] . Nanoparticles functionalized with a cell penetrating peptide (TAT) have been utilized to evade P-gp transporters and increase permeability across cell membranes after intravenous administration [236] . This approach can be highly useful to deliver ARVs that are limited by permeability. Similar strategies could be employed to evade drug efflux from tissues and cells involved in sexual transmission of HIV. For vaginal drug delivery, nanoparticles have been shown to increase epithelial penetration and mucoadhesion [237, 238] .
Immune cells in blood, lymph node, and lymphoid tissues act as reservoirs for HIV and are known to express efflux transporters, which reduce target drug accumulation. Nanoparticles could be utilized to target specific immune cells to increase cellular uptake and circumvent transporters. Several in vitro studies have been reported that utilized nanoparticles as potential vaginal delivery agents to immune cells. Yang et al. investigated antibodyfunctionalized saquanivir loaded nanoparticles to increase uptake in CD4+ T cells [239] . Specific peptides have also been reported for active targeting of CD4+ T cells [240] . Puligujja et al. reported ritonavir-boosted atazanavir nanocrystals conjugated with folic acid to target monocyte-macrophages [158] . These nanoparticles showed enhanced accumulation in macrophage-rich areas of lymph nodes and lymphoid tissues after intravenous administration. Nanoparticles containing anti-HIV drug combinations were also reported, which showed marked increase in accumulation in mononuclear cells in peripheral blood and lymph nodes [159] .
In addition to nanoparticles, efforts were made to utilize prodrugs for targeting uptake transporters or inhibiting efflux transporters. In order to increase the uptake through BBB, Namanja et al. reported a dimeric prodrug of abacavir, which is a known susbtrate of P-gp. This prodrug inhibited P-gp, while preserving the anti-HIV efficacy in vitro [241] . A dipeptide prodrug of lopinavir was also utilized to circumvent P-gp and MRP2 [242] . Specific transporters are involved in uptake of ARVs. Prodrugs targeting uptake transporters have been successfully implemented to increase oral absorption of drugs such as acyclovir using L-valyl ester of acyclovir (valcylovir) [243] . The prodrug approach could be potentially utilized for ARVs used in oral and topical PrEP. However, prodrugs targeting uptake transporters might be less successful for vaginal drug delivery systems, because current studies indicate that these transporters are sparingly expressed in FGT.
Future directions
There is a lack of systematic characterization of transporter expression and localization in the transmission-relevant human tissues and cells, in the context of PrEP. Transporter expression and functionality studies should consider influencing factors such as varying blood hormone level (menstrual cycle stages and menopause), exogenously administered hormones, contraceptives, concomitantly administered drugs, pre-existing local tissue inflammation (e.g. vaginosis), which are frequently encountered by PrEP participants. These factors have been demonstrated to impact transporter expression in metabolic organs, but almost no studies investigated their effect on cervicovaginal and colorectal transporters. The FGT is a highly dynamic tissue due to drastic change in hormone levels during the menstrual cycle. This in turn, results in cyclic change in epithelial thickness, tight junction expression and passive permeability, and may also impact the expression/localization/activity of a variety of transporters, such as P-gp. Therefore, experimental design should reduce sources of variability. For example, female animals in the same group could be synchronized to a fixed stage of their menstrual (estrous) cycle using exogenously administered hormones. The effect of gender on colorectal and immune cell transporter expression is also an important consideration. This effect, if present, may result in differential PK behavior between men and women for the same drug in the same tissue compartment (e.g. colorectum).
The role of transporters, relevant to sexual transmission of HIV, in PrEP PK remains largely unknown. Although some transporters are positively expressed, it is unclear whether they significantly impact drug PK in the critical sites of HIV transmission (lumen, tissue, lymph nodes). In addition to the blood-derived immune cells, the effect of submucosal and lymphoid immune cells on drug PK needs further investigation. The transporter function in female genital and colorectal tissues has been occasionally studied, mostly as a barrier to topically administered drugs intended for systemic absorption. However, it is more important to know whether the transporters could affect drug distribution and retention within the tissues. Moreover, most of the reported transporter functionality studies were conducted in animal models, which have well-known limitations when used in microbicide testing, in terms of interspecies differences in reproductive tract anatomy, transporter expression level, as well as substrate and inhibitor spectra of transporters. All these interspecies differences warrant future human investigations to elucidate the function of cervicovaginal and colorectal transporters in the context of PrEP.
The role of drug transporters in the physiology of transmission-relevant tissues and cells remains elusive. The efflux and uptake transporters expressed in FGT, colorectal tissue, and immune cells also transport endogenous substances (endobiotics) such as sex hormones (e.g. 17-β-estradiol) [244] and hormone derivatives [245] , and immune mediators [246] [247] , which are critical in maintaining the physical and immunological barriers of mucosal tissues. The effect of co-administration of efflux transporter inhibitors and ARVs on tissue/cell homeostatic functions needs to be evaluated. In addition, some transporters have been suggested to directly affect HIV binding to the target cell [142] , or participate in immune response such as DC migration [248] . Therefore, the net effect of transporter inhibition on the effectiveness of PrEP drugs remains unclear, and needs to be tested in efficacy models.
Utilizing the existing literature and future studies, there is a need to design drug delivery strategies that modulate transporter function and increase target drug concentrations in select tissues and cells. Although transporter inhibition has been utilized to increase bioavailability and CNS availability of ARVs in preclinical and clinical studies [249, 250] , it has not been applied for PrEP-based HIV prevention.
There is also lack of studies targeting uptake and efflux transporters to increase drug accumulation in FGT and colorectal tissues. Novel drug delivery approaches utilizing nanoparticles, targeting ligands, and mucoadhesive polymers that affect transporter expression and function need to be developed. Overall, the outcomes from transporter research should be diligently utilized to design next generation drug delivery strategies for prevention of HIV acquisition.
Concluding remarks
A number of efflux and uptake transporters are positively expressed in the FGT, colorectal tissues, and immune cells that are susceptible to HIV sexual transmission. Given their high expression levels, and their localization in multiple cell types, it is tempting to speculate that transporters affect the tissue exposure and efficacy of ARVs used in PrEP. In addition, the modulation of transporters by chemical inhibitors, many of which are ARVs or pharmaceutical excipients, may exert beneficial effects on the PK and PD of PrEP drug candidates. However, more studies are warranted to confirm this speculation, and furthermore to identify the factors that could influence transporter expression/activity in the transmission-related tissues and cells. The existing knowledge summarized in this article, combined with the proposed future research, will likely facilitate successful delivery of PrEP drug candidates. Many anti-infective and anti-cancer drugs are also transporter substrates and/or modulators [63, 251] . The transporter information in cervicovaginal/colorectal tissues and immune cells will also shed light on the delivery and targeting of these drugs. Ultimately, an improved understanding of transporters in these tissues and cells will benefit large number of women and men that have various health issues. Glandular cells of endometrium (P-gp, MRP4, CNT1, ENT1,2); endometrial capillaries (P-gp)
